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0ROHFXODU (QJLQHHULQJ RI &RQMXJDWHG 3RO\PHUV IRU (IILFLHQW +ROH 7UDQVSRUW DQG 'HIHFW
3DVVLYDWLRQLQ3HURYVNLWH6RODU&HOOV

)HLORQJ&DL-LQORQJ&DL/L\DQ<DQJ:HL/L5REHUW6*XUQH\+XQDQ<L$KPHG
,UDTL'DQ/LX7DR:DQJ

6FKRRORI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ:XKDQ8QLYHUVLW\RI7HFKQRORJ\:XKDQ
&KLQD(PDLOWZDQJ#ZKXWHGXFQ
6WDWH.H\/DERUDWRU\RI6LOLFDWH0DWHULDOVIRU$UFKLWHFWXUHV:XKDQ8QLYHUVLW\RI7HFKQRORJ\
:XKDQ&KLQD
'HSDUWPHQWRI&KHPLVWU\8QLYHUVLW\RI6KHIILHOG6KHIILHOG6+)8.


2UJDQLFLQRUJDQLF K\EULG SHURYVNLWH VRODU FHOOV UHSUHVHQW DQ H[FHSWLRQDO FDQGLGDWH IRU QH[W
JHQHUDWLRQSKRWRYROWDLFWHFKQRORJ\+RZHYHUWKHSUHVHQFHRIVXUIDFHGHIHFWVLQSHURYVNLWHFU\VWDOV
OLPLWVWKHSHUIRUPDQFHDVZHOODVWKHVWDELOLW\RISHURYVNLWHVRODUFHOOV:HKDYHHPSOR\HGDVHULHV
RI FDUED]ROH DQG EHQ]RWKLDGLD]ROH %7 EDVHG GRQRUDFFHSWRU FRSRO\PHUV ZKLFK KDYH GLIIHUHQW
OHQJWKV RI DONR[\ VLGHFKDLQV JUDIWHG RQ WKH %7 XQLW DV WKH GRSDQWIUHH KROH WUDQVSRUW PDWHULDOV
+70VIRUSHURYVNLWHVRODUFHOOV:HGHPRQVWUDWH WKDWDOWKRXJKWKHVHVLGHFKDLQVFDQUHGXFHWKH
SS VWDFNLQJ VWUXFWXUDO RUGHU RI WKHVH FRSRO\PHUV WR DIIHFW WKH KROH WUDQVSRUW SURSHUWLHV WKH
PHWKR[\XQLWLQWURGXFHVDGHVLUHGGHIHFWSDVVLYDWLRQHIIHFW&RPSDUHGWRWKH6SLUR20H7$'EDVHG
GHYLFH WKHFRSRO\PHUZLWKPHWKR[\VLGHFKDLQVRQWKH%7XQLWQDPHO\3&'7%7DV WKH+70
DFKLHYHGVXSHULRUSRZHUFRQYHUVLRQHIILFLHQF\DQGVWDELOLW\GXHWRHIILFLHQWKROHWUDQVSRUWDQGWKH
VXSSUHVVLRQRIWUDSLQGXFHGGHJUDGDWLRQZKLOVWWKHFRSRO\PHUZLWKRFW\OR[\VLGHFKDLQVRQWKH%7
XQLWQDPHO\3&'7%7DVWKH+70OHDGWRSRRUSHUIRUPDQFHDQGVWDELOLW\


.H\ZRUGV
3HURYVNLWHVRODUFHOOVKROHWUDQVSRUWGHIHFWSDVVLYDWLRQFRQMXJDWHGSRO\PHU


 
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,QWURGXFWLRQ
2UJDQLFLQRUJDQLF K\EULG SHURYVNLWH VRODU FHOOV 36&V KDYH DWWUDFWHG H[WHQVLYH UHVHDUFK
LQWHUHVWGXHWRWKHLUHIILFLHQWOLJKWKDUYHVWLQJFDSDELOLW\RYHUDEURDGZDYHOHQJWKUHJLRQKLJKGHIHFW
WROHUDQFH ZLWK D WXQDEOH EDQG JDS DQG WKHLU VLPSOH VROXWLRQ IDEULFDWLRQ SURFHVV XVLQJ ORZ FRVW
PDWHULDOV>@36&VKDYHDFKLHYHGDQLPSUHVVLYHLPSURYHPHQWLQSRZHUFRQYHUVLRQHIILFLHQF\3&(
IURP WKH LQLWLDO >@ WR >@ WKURXJK FRPSRVLWLRQ HQJLQHHULQJ>@ FKDUJH WUDQVSRUW OD\HU
GHVLJQ>@DQGLQWHUIDFHPRGLILFDWLRQ>@LQWKHSDVWIHZ\HDUV
3ODQDU KHWHURMXQFWLRQ36&V WKDW DUH PDGH E\ VWDFNLQJ YDULRXV SODQDU WKLQ ILOPV WRJHWKHU DUH
HDV\ WR IDEULFDWH DQG KDYH EHHQ LPSOHPHQWHG LQ WZR W\SHV RI GHYLFH FRQILJXUDWLRQV QDPHO\
LQYHUWHG SLQ DQG GLUHFWHG QLS VWUXFWXUHV )RU WKH ODWWHU DUFKLWHFWXUH WKH KROH WUDQVSRUW
PDWHULDOV +70VDUHGHSRVLWHGRQ WRSRI WKHSHURYVNLWHSKRWRDFWLYH OD\HUZKLFKSOD\VDFUXFLDO
UROH IRU FKDUJH H[WUDFWLRQ DQG HQYLURQPHQWDO VWDELOL]DWLRQ>@ 7KH PRVW ZLGHO\ XVHG +70 LV WKH
VPDOO PROHFXOH ƍƍWHWUDNLVN,NGLpPHWKR[\SKHQ\ODPLQHƍVSLURELIOXRUHQH 6SLUR
20H7$'ZKLFKKDVHQDEOHGKLJKHIILFLHQF\36&VRYHU>@+RZHYHUWKLVPDWHULDOKDVKLJK
UHVLVWLYLW\ DQG WKXV UHTXLUHV SGRSLQJ ZLWK DQ LQGLVSHQVDEOH FRPELQDWLRQ RI LQWHJUDWHG DGGLWLYHV
ELVWULIOXRURPHWKDQHVXOIRQLPLGHOLWKLXPVDOW/L7)6,DQGWHUWEXW\OS\ULGLQH7%3WRRYHUFRPH
WKLVOLPLWDWLRQ>@ZKHUHDV/L7)6,KDVVWURQJZDWHUDEVRUSWLRQWHQGHQF\DQG7%3FDQFRUURGHWKH
SHURYVNLWH PDWHULDO>  @ )XUWKHUPRUH WKH GRSHG 6SLUR20H7$' ILOP QHHGV WR EH H[SRVHG WR
DPELHQWFRQGLWLRQVIRUDORQJWHUPR[LGDWLRQSURFHVVWRJDLQJRRGKROHWUDQVSRUWSURSHUWLHV>@ZLWK
WKH H[WULQVLF HQYLURQPHQWDO FRQGLWLRQV HJ 2 +2 WHPSHUDWXUH DQG OLJKW QHHGLQJ WR EH ZHOO
FRQWUROOHG WR DYRLG DQ\ GHJUDGDWLRQ RI WKH 6SLUR20H7$' DQG WKH XQGHUO\LQJ SHURYVNLWH OD\HUV
7KHXVHRIGRSDQWV WR LQFUHDVH WKHHOHFWULFDOSURSHUWLHV LVEHOLHYHG WREHD WUDGHRIIZLWKVWDELOLW\
GXH WR SRWHQWLDO GLIIXVLRQ RI VPDOO PROHFXOHV GXULQJ ORQJWHUP GHYLFH RSHUDWLRQ 7KH FRPSOH[
GRSLQJ SURFHVV DOVR SUHVHQWV GLIILFXOWLHV IRU ODUJHVFDOH SURGXFWLRQ ZKLFK PDNHV WKH PDWHULDO
FRPPHUFLDOO\XQIDYRUDEOH
,QDGGLWLRQ WR WKHPDQLSXODWLRQRIHOHFWURQLFSURSHUWLHV WRHQVXUHHIILFLHQWKROH WUDQVSRUW WKH
WRS+70OD\HUVKRXOGDOVRLGHDOO\EHGHVLJQHGWRHQDEOHWKHSDVVLYDWLRQRIYDULRXVWUDSVLWHVRQWKH
FU\VWDO VXUIDFH DQG DW WKH JUDLQ ERXQGDULHV RI SHURYVNLWH WR PLQLPL]H WKH QRQUDGLDWLYH FKDUJH
UHFRPELQDWLRQ7KHVHGHIHFWVLQFOXGHKDOLGHYDFDQFLHVDVZHOODVWKH3E,VSHFLHVWKDWDUHJHQHUDWHG
HLWKHUE\ LQFRPSOHWHFRQYHUVLRQRISUHFXUVRUVRU IURPSDUWLDOGHFRPSRVLWLRQRISHURYVNLWHGXULQJ
WKH SURFHVVLQJ VWHSV IRU H[DPSOH WKHUPDO DQQHDOLQJ GXH WR LWV ORZ WKHUPDO VWDELOLW\>@ 7KHVH
XQGHUFRRUGLQDWHG3EDWRPVFDQDFWDVUHFRPELQDWLRQFHQWHUV OHDGLQJWRDVHYHUHDFFXPXODWLRQRI
FKDUJHV DW WKH FRQWDFWV>@ ZKLFK QHHG WR EH SDVVLYDWHG WKURXJK ELQGLQJ WR HOHFWURQULFK /HZLV
EDVHV 6XUIDFH WUHDWPHQW RI SHURYVNLWH ILOPV XVLQJ RUJDQLF /HZLV EDVHV FRQWDLQLQJ WKLRSKHQH>@
S\ULGLQH>@ DQG DPLQHJURXSV>@ RU LQWURGXFLQJ WKH/HZLV EDVHGLF\DQRPHWK\OHQHLQGDQRQH
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ZLWKQW\SHVHPLFRQGXFWRUSURSHUWLHVDVHOHFWURQWUDQVSRUWOD\HUV>@KDYHDOOEHHQVKRZQWRHQGRZ
VLJQLILFDQW HQKDQFHPHQW RI GHYLFH SHUIRUPDQFH 7KHUHIRUH LW LV SDUDPRXQW WR SUHSDUH SULVWLQH
+70VZLWKRXWGRSLQJDGGLWLYHVWKDWFDQDFKLHYHHIIHFWLYHFKDUJHH[WUDFWLRQPRLVWXUHUHVLVWDQFHDV
ZHOODVWUDSSDVVLYDWLRQ,QRUJDQLF PDWHULDOVVXFKDVFRSSHUWKLRF\DQDWH&X6&1>@FRSSHULRGLGH
&X,>@ DQGFRSSHUSKWKDORF\DQLQH&X3F>@FDQGHOLYHUDSSUHFLDEOHLQFUHPHQWDOLPSURYHPHQWV
KRZHYHU WKHVH LPSURYHPHQWV LQ HIILFLHQF\ DUH VWLOO XQDEOH WR ULYDO WKRVH DFKLHYHG XVLQJ GRSHG
6SLUR0H27$'OD\HUVLQGHYLFHV
3UHYLRXV ZRUN KDV GHPRQVWUDWHG WKDW VWUXFWXUDO GHVLJQ RI VPDOO RUJDQLF PROHFXOHV DQG
FRQMXJDWHG SRO\PHUV FDQ LPSDUW VSHFLDO IHDWXUHV> @ IRU H[DPSOH EXLOWLQ ILHOG> @ PROHFXODU
RULHQWDWLRQ>@DQGLQWHUIDFLDOFRXSOLQJ>@ZKLFKFDQLPSURYHWKHFKDUJHWUDQVSRUWSURSHUW\WRVHUYH
DVHIILFLHQW+70VLQ36&V+HUHLQZHLQWURGXFHWKUHHFDUED]ROHDQGEHQ]RWKLDGLD]ROH%7EDVHG
GRQRUDFFHSWRU '$FRSRO\PHUVSRO\>1ƍKHSWDGHFDQ\OFDUED]ROHaltƍƍGLWKLHQ\O
ƍƍƍEHQ]RWKLDGLD]ROH@ 3&'7%7 SRO\>KHSWDGHFDQ\O+FDUED]ROHGL\Oalt
ELVPHWK\OR[\GLWKLRSKHQ\OEHQ]R>F@>@WKLDGLD]ROHGL\O@3&'7%7DQGSRO\>
KHSWDGHFDQ\O+FDUED]ROHGL\ODOWELVRFW\OR[\GLWKLRSKHQ\OEHQ]R>F@
>@WKLDGLD]ROHGL\O@ 3&'7%7 DV +70V ZLWKRXW DQ\ GRSLQJ DGGLWLYHV 7KH 3&'7%7
PDFURPROHFXOHVFDQSDFNWRJHWKHUWKURXJKʌʌLQWHUDFWLRQVHQDEOLQJUHODWLYHO\KLJKFKDUJHWUDQVIHU
LQWKHYHUWLFDOGLUHFWLRQIURPWKHSHURYVNLWHWRWKH+70OD\HU7KHV\QHUJLVWLFSDVVLYDWLRQHIIHFWRI
WKLRSKHQH XQLWV DQG PHWKR[\ VLGHFKDLQV ZLWK WKH SUHVHQFH RI ʌʌ RUGHU LQ 3&'7%7 FDQ
HIIHFWLYHO\UHGXFHWUDSVLWHVRQWKHSHURYVNLWHILOPVXUIDFHOHDGLQJWRDPD[LPXP3&(RILQ
WKHGHULYHGSODQDUKHWHURMXQFWLRQ36&VZKLFKLVFRPSDUDEOHZLWKWKHGRSHGVSLUR20H7$'EDVHG
GHYLFHVZKLOHDFKLHYLQJLPSURYHGGHYLFHVWDELOLW\
5HVXOWVDQG'LVFXVVLRQ
:H IDEULFDWHG SODQDU KHWHURMXQFWLRQ 36&V HPSOR\LQJ WKH VWUXFWXUH RI
JODVV,727L23&%00$3E,+70V0R2$X DV VKRZQ LQ )LJ D XVLQJ 3&'7%7
3&'7%7DQG3&'7%7DVWKH+70VUHVSHFWLYHO\DQGFRPSDUHGWKHLUSKRWRYROWDLFSHUIRUPDQFH
ZLWK WKDWRI WKHGRSHGVSLUR20H7$'EDVHGGHYLFH7KHHOHFWURQ WUDQVSRUWPDWHULDO (70KHUH
HPSOR\HGRXUSUHYLRXVO\V\QWKHVL]HG7L2YLDDORZWHPSHUDWXUHURXWH>@,WZDVIXUWKHUPRGLILHG
XVLQJWLWDQLXPR[LGHELVSHQWDQHGLRQDWH723'DVWKHELQGHUWRUHGXFHPRUSKRORJLFDOGHIHFWV
EHWZHHQ7L2QDQRSDUWLFOHV7KLV7L2723'FRPSOH[KDVEHHQGHPRQVWUDWHGDVDQHIILFLHQW(70
WRSUHSDUHKLJKSHUIRUPLQJ36&V>@7KHFRQMXJDWHGFRSRO\PHUV3&'7%73&'7%73&'7%7
ZHUH V\QWKHVL]HG LQ RXU SUHYLRXV ZRUN>@ )LJ F LOOXVWUDWHV WKHLU FKHPLFDO VWUXFWXUH ZKLFK
FRPSULVHDFDUED]ROHGRQRUPRLHW\IODQNHGE\WZRWKLHQ\OJURXSVWKDWDUHFRSRO\PHUL]HGZLWKD
%7XQLW7KLV%7XQLWLWVHOILVIXQFWLRQDOL]HGZLWKWZRPHWKR[\RURFW\OR[\VXEVWLWXHQWVUHVXOWLQJ
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LQFRSRO\PHUVQDPHG3&'7%7DQG3&'7%7UHVSHFWLYHO\7KHDONR[\JURXSFDQ LPSURYH WKH
VROXELOLW\ RI FRQMXJDWHG SRO\PHUV DV ZHOO DV DIIHFWLQJ WKH HOHFWURQLF SKRWRSK\VLFDO DQG
SKRWRYROWDLF SURSHUWLHV ZKLFK KDYH EHHQ YHULILHG LQ RUJDQLF VRODU FHOOV>@ 7KH 89YLV
DEVRUSWLRQV RI WKHVH FRQMXJDWHG SRO\PHUV DUH VKRZQ LQ )LJ 6D 6XSSRUWLQJ LQIRUPDWLRQ WKH
PD[LPXPDEVRUSWLRQSHDNVȜPD[RI3&'7%73&'7%7DQG3&'7%7DUHFHQWHUHGDW
DQGQPUHVSHFWLYHO\,WVKRXOGDOVREHQRWHGWKDWWKHRQVHWSRLQWȜRQVHWLVEOXHVKLIWHGWRORZHU
ZDYHOHQJWKV ZKHQ JUDIWLQJ DONR[\ VLGHFKDLQV RQ WKH %7 XQLW 7KLV FDQ EH IXUWKHU GHPRQVWUDWHG
WKURXJK WKH SKRWROXPLQHVFHQFH 3/ VSHFWUD RI WKH WKUHH SRO\PHU WKLQ ILOPV VKRZQ LQ )LJ 6E
6XSSRUWLQJLQIRUPDWLRQH[KLELWLQJDQREYLRXVEOXHVKLIWRIHPLVVLRQSHDNVIRUWKHSRO\PHUVZLWK
DONR[\VLGHFKDLQVLQFRPSDULVRQWRWKRVHRISULVWLQH3&'7%7ZLWKRXWDQ\VXEVWLWXHQWVRQWKH%7
XQLW
7KHGHQVLW\ IXQFWLRQDO WKHRU\ ')7PHWKRG DQG*DXVVLDQSDFNDJHZHUHXVHG WR IXUWKHU
XQGHUVWDQGWKHHOHFWURQLFVWUXFWXUHRIWKHVHFRQMXJDWHGSRO\PHUVZKLFKZHSUHVHQWLQ)LJGDQG
)LJ66XSSRUWLQJLQIRUPDWLRQ)LJGVKRZVHOHFWURVWDWLFSRWHQWLDO(63GLVWULEXWLRQRI WKHVH
SRO\PHUV VKRZLQJ QHJDWLYH (63 FRQFHQWUDWLRQ RQ WKH SFRQMXJDWHG PDLQ FKDLQ DQG 2 DWRPV
&RPSDUHGWRWKHSULVWLQH3&'7%7WKHLQWURGXFWLRQRIDONR[\VLGHFKDLQVGLVUXSWVWKHFRQMXJDWLRQ
EHWZHHQ WKH³GRQRU´DQG WKH³DFFHSWRU´PRLHWLHV LQ3&'7%7ZKLFKFDQEH VSHFXODWHG IURP WKH
GLVFRQWLQXRXVQHJDWLYH(63LQWKHPDLQFKDLQ7KHWKUHHGLKHGUDODQJOHVEHWZHHQGLIIHUHQWSDUWVRI
SRO\PHUV)LJ66XSSRUWLQJLQIRUPDWLRQFDQTXDQWLWDWLYHO\PHDVXUHWKHVWHULFKLQGUDQFHHIIHFWRI
DONR[\ VLGHFKDLQV ZKLFK ZLOO HYHQWXDOO\ LPSDFW WKH FRSODQDULW\ RI WKHVH FRQMXJDWHG SRO\PHUV
7DEOH  VXPPDUL]HV YDOXHV RI WKHVH GLKHGUDO DQJOHV ZLWK 3&'7%7 SUHVHQWLQJ WKH JUHDWHVW FR
SODQDULW\RIDOOSDUWLFLSDWLQJDURPDWLFXQLWVDQG3&'7%7VKRZLQJDVHYHUHO\EURNHQFRSODQDULW\
ZLWK WKH ODUJHVW WRUVLRQDO DQJOHV VHH )LJ G 7KH LQIOXHQFHV RI FKDUJH SRODUL]DWLRQ DQG FR
SODQDULW\RI WKHVHFRQMXJDWHGSRO\PHUVRQGHYLFHSHUIRUPDQFHZLOOEHGLVFXVVHG LQ WKH IROORZLQJ
VHFWLRQ
$VVKRZQLQ WKH)LJ66XSSRUWLQJ LQIRUPDWLRQ WKH+202VKLJKHVWRFFXSLHGPROHFXODU
RUELWDOV RI WKHVH SRO\PHUV DUH PDLQO\ ORFDWHG RQ WKH FRQMXJDWHG EDFNERQH RI SRO\PHUV DQG WKH
/802V ORZHVW XQRFFXSLHG PROHFXODU RUELWDOV DUH HVVHQWLDOO\ ORFDWHG RQ WKH %7 XQLW 7KH
SUHOLPLQDU\FDOFXODWLRQUHVXOWVVKRZWKDWWKHLQWURGXFWLRQRIVLGHFKDLQVPDLQO\DIIHFWWKHEDQGJDS
WKURXJKFKDQJLQJWKH/802VZKLOHWKH+202VDUHIDLUO\VLPLODUWKXVOHDGLQJWRWKHVLJQLILFDQW
GLIIHUHQFHLQRSWLFDOSURSHUWLHV7KHHQHUJ\OHYHOGLDJUDPVRI36&VLQWKLVZRUNDUHGHSLFWHGLQ)LJ
EWKH+202OHYHOVRIWKUHHSRO\PHUVDUHDURXQGH9>@VOLJKWO\ORZHUWKDQWKDWRIVSLUR
20H7$'aH9VXJJHVWLQJDPRUHIDYRUDEOHEDQGDOLJQPHQWZLWKWKHYDOHQFHEDQGHGJHRI
WKH SHURYVNLWH ZKLFK LQ SULQFLSOH ZLOO UHGXFH WKH HQHUJ\ ORVV GXULQJ FKDUJH H[WUDFWLRQ DQG
WUDQVSRUWDWLRQLQ36&V
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

)LJ  D 6FKHPDWLF VWUXFWXUH DQG E HQHUJ\OHYHO GLDJUDP RI WKH 36&V F 7KH PROHFXODU
VWUXFWXUH DQG G FRPSXWHG (63 SURILOHV RI 3&'7%7 3&'7%7 DQG 3&'7%7 4XDQWLWDWLYH
YDOXHVRIHOHFWURVWDWLFSRWHQWLDOVDUHLQDX

7DEOH&DOFXODWHGGLKHGUDODQJOHVRISRO\PHUVD
3RO\PHUV 'LKHGUDODQJOHGHJUHHV 'LKHGUDODQJOHGHJUHHV 'LKHGUDODQJOHGHJUHHV
3&'7%7   
3&'7%7   
3&'7%7   
D&DOFXODWLRQVZHUHFDUULHGRXWIRURQHUHSHDWLQJXQLWRIHDFKSRO\PHULQJDVSKDVHDWWKHWHPSHUDWXUHRI.DQGLQYDFXXP
2SWLPL]DWLRQ RI WKH +70 OD\HU LQ RXU 36&V VXJJHVWV WKDW WKH RSWLPXP WKLFNQHVV RI WKHVH
FRQMXJDWHG FRSRO\PHUV LV DURXQG  QP EHLQJ VLJQLILFDQWO\ WKLQQHU WKDQ WKH ca.  QP IRU WKH
VSLUR20H7$' +70 7KH VXUIDFH PRUSKRORJ\ RI SHURYVNLWH SHURYVNLWH3&'7%7 DQG
SHURYVNLWHVSLUR20H7$'ILOPVZDVDQDO\]HGE\VFDQQLQJSUREHPLFURVFRSH630DVVKRZQLQ
)LJ66XSSRUWLQJLQIRUPDWLRQ:HREVHUYHWKDWWKHWKLQ3&'7%7ILOPFDQGHFUHDVHWKHURRW
PHDQVTXDUH 506 VXUIDFH URXJKQHVV IURP  WR  QP DQG KHOS WR UHGXFH WKH FRQWDFW
UHVLVWDQFH,QWKHPHDQWLPH LWVKRZVDXQLIRUPFRYHUDJHRQWKHSHURYVNLWHIURPWKHSKDVHLPDJH
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DOWKRXJKWKHSHURYVNLWHFU\VWDOSURILOHFDQVWLOOEHYLVLEOHIURPWKHKHLJKWLPDJH)RUWKHSHURYVNLWH
ILOPFDSSHGZLWK WKHPXFK WKLFNHUVSLUR20H7$'ILOPZHVHHXQLIRUPO\GLVWULEXWHGZKLWHGRWV
WKDWFDQEHDWWULEXWHGWRWKHGRSDQWVZLWKLQWKHILOP
:H IRXQG WKDW WKH GHYLFH SHUIRUPDQFH GHSHQGV RQ WKH FKHPLFDO VWUXFWXUH RI WKH FRQMXJDWHG
SRO\PHU +70V 7KH EHVWSHUIRUPLQJ J-V FXUYHV RI GHYLFHV XVLQJ WKH WKUHH GLIIHUHQW +70V DUH
SUHVHQWHG LQ )LJ D DQG WKHLU FRUUHVSRQGLQJ DYHUDJH VWDWLVWLFV DUH OLVWHG LQ 7DEOH  7KH GHYLFH
XVLQJ 3&'7%7 DV WKH +70 FDQ DFKLHYH D GHFHQW 3&( RI  :KHQ 3&'7%7 ZLWK WZR
PHWKR[\ XQLWV RQ WKH %7 XQLW ZDV HPSOR\HG DV WKH +70 WKH FKDPSLRQ GHYLFH HIILFLHQF\ ZDV
VXEVWDQWLDOO\LPSURYHGWRZLWKWKHYDOXHVRIJscVocDQG))DVP$FP9DQG
UHVSHFWLYHO\ ZKLFK ZHUH FRPSDUDEOH ZLWK WKH UHIHUHQFH GHYLFH XVLQJ GRSHGVSLUR20H7$' DV
+70+RZHYHU WKH3&'7%7EDVHGGHYLFHFDQRQO\REWDLQD3&(RIDURXQGZLWKVXFKD
VLJQLILFDQWGLIIHUHQFHPDLQO\DWWULEXWHG WR WKHUHGXFHGVoc DQG))ZKLOVW WKHUHGXFWLRQRIJscZDV
PDUJLQDO $GGLWLRQDOO\ )LJ E VKRZV WKH VWHDG\VWDWH 3&(V DW DQ H[WHUQDO ELDV FORVH WR WKH
PD[LPXPSRZHUSRLQWV 033RI   DQG IRU WKH WKUHH+70V UHVSHFWLYHO\ YDOXHV
WKDW DUH FRQVLVWHQW ZLWK RXU J-V VZHHS PHDVXUHPHQWV :LWK UHJDUG WR WKH QRWRULRXV K\VWHUHVLV RI
36&V WKDWKDVEHHQFRPPRQO\UHSRUWHG LQ WKH OLWHUDWXUH>@ WKHGHYLFHJ-VFXUYHVXQGHUUHYHUVH
DQG IRUZDUG VFDQV DUH VKRZQ LQ WKH )LJ 6 6XSSRUWLQJ LQIRUPDWLRQ GHPRQVWUDWLQJ QHJOLJLEOH
K\VWHUHVLVRUGLVFUHSDQF\RISKRWRYROWDLFSDUDPHWHUV0RUHRYHUE\FKDQJLQJWKHYROWDJHVFDQUDWH
WKURXJKUHJXODWLQJWKHVWHSVL]HDQGYROWDJHVHWWLQJWLPHGXULQJWKHWHVWLQJSURFHGXUHZHREVHUYHWKDW
WKHJ-V FXUYHVVKRZDQH[FHOOHQWGHJUHHRIFRQVLVWHQF\XQGHUGLIIHUHQWVFDQUDWHVDQGGHOD\ WLPHV>@
VHH )LJXUH6 6XSSRUWLQJ LQIRUPDWLRQ7KH H[WHUQDO TXDQWXP HIILFLHQF\ (4( FXUYHV RI WKHVH
36&V DUH SUHVHQWHG LQ )LJ F ZKLFK VKRZV KLJK (4( YDOXHV LQ WKH YLVLEOH VSHFWUXP DQG WKH
LQWHJUDWLRQRIWKH(4(VSHFWUD\LHOGVDJscIRUDOOV\VWHPVRIDURXQGP$FPFORVHWRWKHJsc
REWDLQHG IURP J-V VFDQV FRQILUPLQJ WKH DFFXUDF\ RI RXU GHYLFH HIILFLHQF\ FKDUDFWHUL]DWLRQV ,Q
DGGLWLRQ )LJ G VKRZV WKDW HDFK JURXS KDV D QDUURZ GLVWULEXWLRQ RI HIILFLHQF\ H[KLELWLQJ
RXWVWDQGLQJUHSURGXFLELOLW\RIGHYLFHVRZLQJ WRH[FHOOHQWVWDELOLW\RI WKHVROHFRQMXJDWHGSRO\PHU
ZLWKRXWGRSDQWVDVWKH+70:HKDYHDOVRIDEULFDWHGDEDWFKRIGHYLFHVZLWKODUJHUDFWLYHDUHDRI
PP DQG WKHGHYLFHPHWULFV DUH VXPPDUL]HG LQ7DEOH6:LWK WKH LQFUHDVHGDFWLYHDUHD IURP
 WRPP WKHGHYLFHPHWULFVYDOXHVGHFUHDVHGVOLJKWO\GXH WR WKH LQFUHDVHGVHULHV UHVLVWDQFH
ZKLOVWWKH3&(YDOXHVUHPDLQHGHVVHQWLDOO\XQFKDQJHGDVFULEHGWRWKHH[FHSWLRQDOFKDUJHWUDQVSRUW
SURSHUWLHVRISHURYVNLWH$QHQFRXUDJLQJ3&(RIZLWKDVocRI9JscRIP$FPí
DQG )) RI  ZDV DFKLHYHG IRU WKH GHYLFH XVLQJ 3&'7%7 DV +70 LOOXVWUDWLQJ WKDW WKH
3&'7%7EDVHG36&VKDVWKHSRWHQWLDOWRIDEULFDWHODUJHDUHDKLJKSHUIRUPLQJGHYLFHV7KLVZHDN
3&(GHSHQGHQFHRQWKHVL]HRIWKHDFWLYHDUHDRISHURYVNLWHVRODUFHOOVLVVLJQLILFDQWO\GLIIHUHQWZLWK
WKDWRISRO\PHUVRODUFHOOVZKLFKVKRZVWURQJVL]HGHSHQGHQFH>@
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 
)LJ  D J-V FXUYHV RI WKH RSWLPL]HG GHYLFHV ZLWK GLIIHUHQW +70V DQG E WKHLU FRUUHVSRQGLQJ
VWHDG\VWDWHSRZHURXWSXWDWWKHPD[LPXPSRZHUSRLQWF(4(VSHFWUDDQGWKHLQWHJUDWHGFXUUHQW
GHQVLWLHVG+LVWRJUDPVRIGHYLFH3&(JHQHUDWHGIURPGHYLFHVRIHDFKVHW

7DEOH'HYLFHPHWULFVSDUDPHWHUVRISHURYVNLWHVRODUFHOOVHPSOR\LQJGLIIHUHQW+70V 
+70V 6FDQ
GLUHFWLRQ
Voc9 )) Jsc P$FP 3&(DYH3&(PD[
3&'7%7 56    
)6    
3&'7%7 56    
)6    
3&'7%7 56    
)6    
6SLUR
20H7$'
56    
)6    
            VocRSHQFLUFXLWYROWDJH))ILOOIDFWRUJscVKRUWFLUFXLWFXUUHQWGHQVLW\3&(SRZHUFRQYHUVLRQHIILFLHQF\$YHUDJHSHUIRUPDQFHSDUDPHWHUVDQGWKHLU6'ZHUHREWDLQHGEDVHGRQFHOOVIRUHDFKVHW

:HSURFHHGWRLOOXVWUDWHKRZWKHPROHFXODUVWUXFWXUHRIWKHWKUHHFRQMXJDWHGSRO\PHUVXVHGLQ
WKLVZRUNFRXOGDIIHFWWKHFKDUJHWUDQVSRUWDWLRQDQGUHFRPELQDWLRQZLWKLQGHYLFHVWKDWFRQVHTXHQWO\
GHWHUPLQH WKH HIILFLHQF\ YLD WKHLU LPSDFW RQVoc DQG FF :H ILUVW H[SORUHG WKH FKDUJH H[WUDFWLRQ
HIILFLHQF\ RI SHURYVNLWH GHYLFHV DW YDULRXV LQWHUIDFHV ZKHQ LQFRUSRUDWLQJ GLIIHUHQW +70V XVLQJ
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VWHDG\VWDWHDQGWLPHUHVROYHGSKRWROXPLQHVFHQFH3/PHDVXUHPHQWV$VFDQEHVHHQIURP)LJD
WKH ELOD\HUHG SHURYVNLWH+70 WKLQ ILOPV VKRZHG D VLJQLILFDQW UHGXFWLRQ RI 3/ LQWHQVLW\ ZLWK
UHVSHFWWRWKDWRIWKHSULVWLQHSHURYVNLWHILOPZKLFKFDQEHDVVRFLDWHGZLWKVXIILFLHQWKROHLQMHFWLRQ
IURP SHURYVNLWH WR +70V>@ 7KH VKRXOGHU SHDNV DSSHDULQJ DW ca.  QP VWHPPHG IURP WKH
HPLVVLRQ SHDNV RI WKH FRQMXJDWHG SRO\PHUV 7KH SHURYVNLWH3&'7%7 ELOD\HU VKRZV WKH PRVW
HIILFLHQWLQWHUIDFLDOFKDUJHWUDQVIHUJLYHQWKDWLWKDVWKHKLJKHVWH[WHQWRI3/TXHQFKLQJDPRQJWKH
WKUHHELOD\HUV\VWHPV7KHLQWURGXFWLRQRIDONR[\VLGHFKDLQVVHHPVWRLPSHGHWKHFKDUJHH[WUDFWLRQ
ZLWK 3/ LQWHQVLW\ RI WKH SHURYVNLWH3&'7%7 ELOD\HU UHPDLQLQJ DV WKH KLJKHVW GXH WR WKH ZRUVW
TXHQFKLQJ \LHOG RI SHURYVNLWH 7KH GLIIHULQJ FKDUJH WUDQVSRUW IURP SHURYVNLWH WR +70 LQ WKHVH
V\VWHPVFDQEHH[SODLQHGE\WKHGLIIHUHQWOHYHOVRIVWUXFWXUDORUGHUH[LVWLQJLQWKH+70OD\HUV$V
PHQWLRQHG DERYH3&'7%7FKDLQV UHWDLQ FRPSOHWH FRQMXJDWLRQRI DOO XQLWV WKHUHE\ VROXWLRQFDVW
3&'7%7ILOPVIRUPIDFHRQLQWUDPROHFXODUʌʌVWDFNVDOWKRXJKWKH\DUHODUJHO\LQDQDPRUSKRXV
VWDWHZLWKRXW IRUPLQJFU\VWDOOLQHGRPDLQV>@7KHVHSHUSHQGLFXODUO\SDFNHG+70PROHFXOHVRQ
WKH SHURYVNLWH VXUIDFH ZLOO IDFLOLWDWH WKH YHUWLFDO KROH WUDQVSRUWDWLRQ IURP SHURYVNLWH WR WKH +70
OD\HU>@7KHVSDWLDOVWHULFKLQGUDQFHRI WKHDONR[\VXEVWLWXHQWVRQ WKH%7XQLWVRI WKHFRQMXJDWHG
EDFNERQHV RI 3&'7%7 DQG 3&'7%7 UHGXFHV WKH FRSODQDULW\ DQG WKH ʌʌ VWDFNLQJ VWUXFWXUH
ZKLFKOHDGVWRDGHWHULRUDWLRQRIFKDUJHWUDQVSRUWIURPSHURYVNLWHWR+70V7KLVQHJDWLYHHIIHFWLV
OHVV SURQRXQFHG ZKHQ WKH OHQJWK RI WKH DONR[\ VLGHFKDLQ LV VKRUW HJ 3&'7%7 EXW ZLOO
VLJQLILFDQWO\GLVUXSWWKHʌʌVWDFNVDQGUHGXFHFKDUJHWUDQVSRUWZKHQWKHVLGHFKDLQVDUHORQJ>@
&RQVHTXHQWO\WKHODUJHVL]HRIRFW\OR[\JURXSVZLWKLQWKH3&'7%7FKDLQVZLOOOHDGWRWKHZRUVW
FRSODQDULW\ DPRQJVW WKLV VHULHVRISRO\PHUV DQG WKH OHDVWʌʌ VWDFNLQJEHWZHHQSRO\PHU FKDLQV
WKHUHIRUH WKH ORZHVW KROH WUDQVIHU HIILFLHQF\ 7KLV LV DOVR FRQILUPHG E\ WKH WLPHUHVROYHG 3/
PHDVXUHPHQWV&DUULHUGHFD\OLIHWLPHVZHUHREWDLQHGE\ILWWLQJWKH3/GHFD\LQJFXUYHVLQ)LJE
WKURXJKDQH[SRQHQWLDOGLIIXVLRQPRGHO7KHDYHUDJHOLIHWLPHUHGXFHGIURPQVIRUWKHSULVWLQH
SHURYVNLWH ILOP WR   DQG  QV UHVSHFWLYHO\ ZKHQ DSSO\LQJ D 3&'7%7 3&'7%7 RU
3&'7%7 OD\HU RQ WRS 7KH UHGXFHG GHFD\ OLIHWLPH DIILUPV WKH FULWLFDO IXQFWLRQ RI RUGHUHG ʌʌ
VWDFNLQJSURYLGLQJDUDSLGSDWKZD\IRUKROHWUDQVSRUW

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)LJ  D 6WHDG\VWDWH DQG E WLPHUHVROYHG SKRWROXPLQHVFHQFH VSHFWUD RI ,72SHURYVNLWH
,72SHURYVNLWH3&'7%7,72SHURYVNLWH3&'7%7DQG,72SHURYVNLWH3&'7%7UHVSHFWLYHO\ 

$OWKRXJK WKH DERYH LQYHVWLJDWLRQ VXJJHVWV WKDW WKH FKDUJH WUDQVSRUW DW WKH
SHURYVNLWH3&'7%7 LQWHUIDFH LV QRW WKH PRVW HIILFLHQW GHYLFH VWXGLHV SUHVHQWHG LQ )LJ  DQG
7DEOH  VKRZ WKDW LW LV D VXSHULRU +70 DPRQJ DOO WKUHH FRSRO\PHUV VXJJHVWLQJ WKDW LQWHUIDFLDO
FKDUJH WUDQVSRUW LV QRW WKH VROH IDFWRU WKDW ZLOO GHWHUPLQH GHYLFH HIILFLHQF\ 7R XQGHUVWDQG WKLV
GLVDJUHHPHQWEHWZHHQFKDUJH WUDQVSRUW DQGGHYLFHHIILFLHQF\ZH IXUWKHU LQYHVWLJDWHG WKHFKDUJH
FDUULHUG\QDPLFVRISHURYVNLWHVRODUFHOOV)LUVWZHFRQGXFWHGGDUNFXUUHQWPHDVXUHPHQWVWRVWXG\
WKHOHDNDJHFXUUHQWIURPFDUULHUUHFRPELQDWLRQLQWKHGHYLFHV$VVKRZQLQ)LJDWKHGDUNFXUUHQW
GHQVLW\RIWKH3&'7%7EDVHGGHYLFHLVDOPRVWVHYHUDORUGHUVRIPDJQLWXGHORZHUWKDQWKRVHXVLQJ
3&'7%7DQG3&'7%7DV+70VLQGLFDWLQJWKDWPRUHSKRWRFXUUHQWZLOOIORZWKURXJKWKHGHYLFH
DQGWKHUHIRUHUHGXFHGFKDUJHUHFRPELQDWLRQ>@7KLVLVDOVRGHPRQVWUDWHGIURPWKHLUOLJKWLGHDOLW\
IDFWRUV XQGHU LOOXPLQDWLRQ LQ )LJ E /LJKW LGHDOLW\ IDFWRU QLGO LV GHWHUPLQHG E\ QLGO  ??? ??????????
ZKHUHqLVWKHHOHFWURQFKDUJHkLV%ROW]PDQQ¶VFRQVWDQWTLVWKHDEVROXWHWHPSHUDWXUHDQGĭLVWKH
IUDFWLRQDOOLJKWLQWHQVLW\QRUPDOL]HGWRRQHVXQ7KHQLGOYDOXHVZHUHREWDLQHGE\ILWWLQJOLQHDUO\WR
VocYHUVXVORJVFDOHGOLJKWLQWHQVLW\GDWDJLYLQJQLGOYDOXHVRIDQGIRU3&'7%7
3&'7%7DQG3&'7%7EDVHGGHYLFHVUHVSHFWLYHO\,WKDVEHHQVXJJHVWHGWKDWkTq DSSURDFKLQJ
XQLW\PHDQV OHVV WUDSDVVLVWHGUHFRPELQDWLRQLQYROYHGLQ WKHGHYLFHRSHUDWLRQ>@7KHUHIRUH WKH
VPDOOHVWQLGOYDOXHRI3&'7%7EDVHGGHYLFHLVLQGLFDWLYHRIWKHOHVWDPRXQWRIWUDSV
%\ DSSO\LQJ WKH FODVVLFDO 0RWW6FKRWWN\ 06 UHODWLRQ WKH FDSDFLWDQFHYROWDJH CV
FKDUDFWHULVWLFV FDQ UHYHDO LQWHUIDFLDO FKDUJH GHQVLW\ ZLWK WKH FKDUJH GHQVLW\ EHLQJ LQYHUVHO\
SURSRUWLRQDO WR WKH VWUDLJKW OLQH VORSH RI WKH 06 SORW>@ $V VKRZQ LQ )LJ F WKH VORSH RI WKH
3&'7%7EDVHG GHYLFH î LV ODUJHU WKDQ WKDW RI 3&'7%7 î DQG 3&'7%7
î EDVHG GHYLFHV VXJJHVWLQJ D ORZHU LQWHUIDFLDO FKDUJH GHQVLW\ 7KDW LV WR VD\ FKDUJH
     

 ,723HURYVNLWH
,723HURYVNLWH3&'7%7
,723HURYVNLWH3&'7%7
,723HURYVNLWH3&'7%7
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DFFXPXODWLRQ DW WKH SHURYVNLWH3&'7%7 LQWHUIDFH LV WKH ORZHVW ZKLFK EHVW UHGXFHV FKDUJH
UHFRPELQDWLRQ 7KH UHFRPELQDWLRQ SURFHVV FDQ EH FOHDUO\ UHIOHFWHG WKURXJK WKH RSHQFLUFXLW
SKRWRYROWDJHGHFD\2&9'PHDVXUHPHQWVVKRZQLQ)LJG)RUWKH2&9'WHVWWKHGHYLFHVZHUH
LOOXPLQDWHG DW RSHQFLUFXLW IRU D SHULRG RI WLPH WR DFKLHYH WKH SKRWRVWDWLRQDU\ VWDWH DQG WKH
SKRWRFDUULHUVXQGHUZHQWUDSLGUHFRPELQDWLRQZKHQWKHOLJKWZDVLQVWDQWDQHRXVO\VZLWFKHGRII>@
:H PRQLWRUHG WKH Voc DV WKH IXQFWLRQ RI WLPH GXULQJ WKH ZKROH SURFHVV DQG REVHUYHG WKDW WKH
3&'7%7EDVHG GHYLFH VKRZHG D PXFK ORZHU GHFD\ WKDQ WKH 3&'7%7 DQG 3&'7%7 EDVHG
GHYLFHVDQGWKH3&'7%7EDVHGGHYLFHKDGWKHPLQLPDOYROWDJHGHFD\DPSOLWXGHLQWKHILUVWPV
VHH WKH LQVHW RI )LJ G ZKLFK LV DJDLQ FRQVLVWHQW ZLWK WKH D ORZHVW FKDUJH UHFRPELQDWLRQ UDWH
ZKHQLQFRUSRUDWLQJ3&'7%7DV+70
(OHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ (,6 PHDVXUHPHQWV ZHUH IXUWKHU FDUULHG RXW WR
SURYLGH LQIRUPDWLRQ DERXW WKH LQWHUQDO HOHFWULFDO FKDUDFWHULVWLFV XQGHU RQH VXQ LOOXPLQDWLRQ LQ WKH
IUHTXHQF\UDQJHIURP0+]WR+]:HFDQJDLQPRUHLQVLJKWLQWRWKHUHFRPELQDWLRQNLQHWLFV
RIRXU36&GHYLFHVWKURXJKILWWLQJWKH1\TXLVWSORWVGLVSOD\HGLQ)LJ66XSSRUWLQJLQIRUPDWLRQ
7ZRGLVWLQFWUHJLRQVDUHH[KLELWHGLQWKHFXUYHVLQFOXGLQJDKLJKIUHTXHQF\UHJLRQUHSUHVHQWLQJWKH
FKDUJHUHFRPELQDWLRQSURFHVVDQGDORZIUHTXHQF\UHJLRQWKDWDSSHDUVEHORZDIUHTXHQF\RIDIHZ
KXQGUHG+]ZKLFKFRUUHODWHVZLWKVORZGLHOHFWULFDQGLRQLFUHOD[DWLRQVLQSHURYVNLWHILOPV>@7KH
HTXLYDOHQWFLUFXLWPRGHOGLVSOD\HGDVWKHLQVHWLQ)LJHZDVXVHGIRUGDWDILWWLQJLQZKLFKRsDQG
RrecDUHVHULHVDQGUHFRPELQDWLRQUHVLVWDQFHVUHVSHFWLYHO\DQGWKHILWWLQJUHVXOWVDUHVXPPDUL]HGLQ
)LJ66XSSRUWLQJLQIRUPDWLRQDQG)LJH:HIRXQGWKDWWKHRs H[WUDFWHGIURPILWWLQJRIWKH(,6
VSHFWUDDUHVLPLODUDOODWDURXQGȍDQGWKHRrecRI3&'7%7EDVHGGHYLFHLVODUJHUWKDQWKRVH
RIWKH3&'7%7DQG3&'7%7EDVHGGHYLFHVLQGHSHQGHQWRIWKHDSSOLHGYROWDJHZKLFKLQGLFDWHV
WKHPRVWUHGXFHGUHFRPELQDWLRQUDWHLQLWV36&GHYLFHDQGLVFRQVLVWHQWZLWKWKHGHYLFHHIILFLHQF\
UHVXOWV7KLVFRXOGEHD UHVXOWRI WKHGHFUHDVHG WUDSGHQVLW\DW WKHSHURYVNLWH3&'7%7 LQWHUIDFH
FRPSDUHGWRWKH3&'7%7EDVHGFRXQWHUSDUWDQGWKHODUJHVWFRQFHQWUDWLRQRIUHFRPELQDWLRQFHQWHUV
LQWKH3&'7%7EDVHGGHYLFH7KHUHIRUHZHTXDQWLWDWLYHO\FDOFXODWHGWKHWUDSGHQVLW\YDULDWLRQRI
WKHGHYLFHWKURXJKIDEULFDWLQJKROHRQO\GHYLFHVZLWKWKHDUFKLWHFWXUHVKRZQLQWKHLQVHWRI)LJI
7KH WUDS GHQVLW\ FDQ EH GHWHUPLQHG E\ WKH WUDSILOOHG OLPLW YROWDJH VTFL XVLQJ VTFL HQW/İİ
ZKHUHLLVWKHWKLFNQHVVRIWKHSHURYVNLWHILOPİLVWKHUHODWLYHGLHOHFWULFFRQVWDQWRI0$3E,WDNHQ
DVIURPSUHYLRXVUHSRUWVDQGİLV WKHYDFXXPSHUPLWWLYLW\î)P>@7KHWUDS
GHQVLW\ QW RI 3&'7%7EDVHG GHYLFH LV FDOFXODWHG WR EH î FP )RU FRPSDULVRQ WKH
FDOFXODWHGKROHWUDSGHQVLW\RIWKH3&'7%7DQG3&'7%7EDVHGGHYLFHVDUHKLJKHUDWî
FP DQG î FP UHVSHFWLYHO\ ZKLFK DJDLQ FRQILUPV WKH PLQLPXP LQWHUIDFLDO FKDUJH
UHFRPELQDWLRQLQWKH3&'7%7EDVHGGHYLFH
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7KHWKLRSKHQHXQLWV LQWKHEDFNERQHRI WKHVHFRQMXJDWHGSRO\PHU+70VKDYHEHHQIRXQGWR
DFWDV/HZLVEDVHVWRFRRUGLQDWHZLWKWKHXQGHUFRRUGLQDWHG3EDWRPVWKURXJKWKHHOHFWURQGRQDWLQJ
VXOIXUDWRPVDQGWKHUHIRUHSDUWLDOO\SDVVLYDWHWKHWUDSVWDWHVRQWKHSHURYVNLWHFU\VWDOVXUIDFHV>@
+RZHYHUZHEHOLHYHWKDWWKHPHWKR[\VLGHFKDLQVJUDIWHGRQWKH%7XQLWVRI3&'7%7FDQDOVR
DFWDV/HZLVEDVHVWRIXUWKHUSDVVLYDWHWUDSVWDWHVWKURXJKWKHHOHFWURQGRQDWLQJR[\JHQDWRPVLQWKH
PHWKR[\XQLWV$V WKH FRPSXWHG(63SURILOHV VKRZHG WKH2DWRPFDQDOVR FRQFHQWUDWHQHJDWLYH
FKDUJHV 7KHUHIRUH WKH GHIHFWFDXVHG WUDSSLQJ DQG UHFRPELQDWLRQ RI FKDUJH FDUULHUV ZLOO EH
GUDPDWLFDOO\ VXSSUHVVHG DW WKH LQWHUIDFH EHWZHHQ SHURYVNLWH DQG 3&'7%7 DQG WKH 3&'7%7
EDVHG36&VKRZHGWKHKLJKHVWVocDQGFFLQFRPSDULVRQWRWKHRWKHUWZRGHYLFHV0HDQZKLOHIDFH
RQʌʌ VWDFNV LQ WKH3&'7%7 OD\HU FDQEH UHWDLQHG WR VRPHH[WHQW DV D UHVXOWRI WKH UHODWLYHO\
VPDOO GLKHGUDO DQJOHV LQ WKH EDFNERQH RI 3&'7%7 ZKLFK KDV VKRUW PHWKR[\ VLGHFKDLQV WKXV
KDYLQJDOLPLWHGHIIHFWRQKROHWUDQVSRUWYLDWKHGHWHULRUDWLRQRIPROHFXODURUGHU2XUREVHUYDWLRQ
KHUH LV FRQVLVWHQW ZLWK D QXPEHU RI OLWHUDWXUH UHSRUWV HPSOR\LQJ VPDOO PROHFXOHV DV +70V )RU
LQVWDQFHDVHULHVRIDQWKUD>EE¶E¶¶E¶¶¶WHWUDWKLRSKHQH$77EDVHGVPDOOPROHFXOHV
ZHUHGHVLJQHGDV+70VIRU36&VDQGVKRZHGWKDW WKH+70XVLQJWKHPHWKR[\XQLW2&+DV
VLGHFKDLQOHDGWRWKHEHVWGHYLFHHIILFLHQF\H[FHHGLQJFRPSDUHGZLWK+70VXVLQJEXWR[\
KH[R[\ RU GHFR[\ VXEVWLWXHQWV>@ 6PDOO PROHFXOHV ZLWK o20H VXEVWLWXHQWV LPSURYHG GHYLFH
SHUIRUPDQFH PRUH WKDQ VSLUR20H7$' ZKLFK KDV p20H VXEVWLWXHQWV>  @ $QRWKHU ZRUN
GHPRQVWUDWHGWKDWWKHFKDUJHH[WUDFWLRQDQGUHFRPELQDWLRQEHKDYLRUVRI36&VFRXOGEHLPSURYHGE\
LQFUHDVLQJWKHQXPEHURIPHWKR[\XQLWVLQWKHWULDU\ODPLQHGHULYDWLYH73$&+70V>@
)RU FRPSDULVRQ WKH 3&'7%7 ZLWK ORQJ RFW\OR[\ VLGHFKDLQV VKRZHG D SRRU SRODUL]HG
VWUXFWXUH ZKLFK PD\ KDPSHU WKH WKLRSKHQH LQWHUDFWLRQ ZLWK WKH XQGHUFRRUGLQDWHG 3E DWRPV
UHVXOWLQJLQLQFUHDVHGGHIHFWGHQVLW\DWWKHLQWHUIDFHUHODWLYHWRWKDWRI3&'7%7,QDGGLWLRQWKHVH
ORQJVLGHFKDLQVFDXVHGWKHPRVWGHVWUXFWLRQRIFRSODQDULW\WRUHGXFHWKHPROHFXODUʌʌVWDFNLQJ
RUGHU GXH WR WKH VWHULF KLQGUDQFH HIIHFW KHQFH KROHV DFFXPXODWHG DW WKH SHURYVNLWH3&'7%7
LQWHUIDFH ZKLFK ZHUH QRW WUDQVSRUWHG TXLFNO\ FDQ DOVR OHDG WR VHULRXV UHFRPELQDWLRQ 7KH GHIHFW
SDVVLYDWLRQHIIHFWGHSHQGVFULWLFDOO\RQ WKH W\SHRIVLGHFKDLQVJUDIWHGRQERWKVPDOODQGPDFUR
PROHFXOH EDFNERQHV ZLWK WKH PHWKR[\ XQLW KDYLQJ D IDYRUDEOH LPSDFW RI SDVVLYDWLQJ GHIHFWV
ZLWKRXWDQQLKLODWLQJWKHVWUXFWXUDORUGHULQJLQWKHVROLGVWDWH+70OD\HUVWRVXEVWDQWLDOO\DIIHFWKROH
WUDQVSRUW)XUWKHUPRUHWKHVWURQJLQWHUIDFLDOLQWHUDFWLRQWKURXJK6,RU63EERQGLQJVKRXOGDOVREH
IDYRUDEOHIDFWRUV>@ZKLFKLVHIIHFWLYHZKHQHPSOR\LQJDOOWKUHH+70VLQWKLVZRUN
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
)LJD'DUNFXUUHQWGHQVLW\YROWDJHFXUYHEVocDVDIXQFWLRQRIOLJKWLQWHQVLW\LQDVHPLORJ
SORWF0RWW6FKRWWN\06SORWVDW.+]GRSHQFLUFXLWYROWDJHGHFD\DQGHRrecREWDLQHG
IURP ILWWLQJ WKH 1\TXLVW SORWV WKURXJK HTXLYDOHQW FLUFXLW LQ WKH LQVHW IRU 36&V LQFRUSRUDWLQJ
GLIIHUHQW+70V7KHLQVHWRISDUWGUHSUHVHQWVWKHSKRWRYROWDJHGHFD\LQJSURFHVVLQWKHILUVWPV
I'DUNFXUUHQWYROWDJHFXUYHVIURPKROHRQO\GHYLFHVZLWKWKHVWUXFWXUHVKRZQLQWKHLQVHW

7KH)LJ66XSSRUWLQJLQIRUPDWLRQVKRZVWKDWRXUFRQMXJDWHG+70ILOPVKDYHPXFKKLJKHU
ZDWHUFRQWDFWDQJOHVa WKDQWKDWRIVSLUR20H7$'aVXJJHVWLQJJUHDWK\GURSKRELFLW\
WR EHWWHU H[FOXGH ZDWHU LQFXUVLRQ :H NHSW WKH SHURYVNLWH DV ZHOO DV SHURYVNLWH+70 ILOPV LQ
DPELHQW FRQGLWLRQV ZLWK KXPLGLW\ EHWZHHQ  DQG SUHVHQW SKRWRJUDSKV RI WKH ILOPV DIWHU
GLIIHUHQW DJLQJ WLPH LQ WKH )LJ 6 6XSSRUWLQJ LQIRUPDWLRQ 7KH SHURYVNLWH+70 ILOPV VKRZHG
QHJOLJLEOH FRORU FKDQJHV FRPSDUHG WR WKH SULVWLQH SHURYVNLWH ILOP ZKLOVW WKH SHURYVNLWHVSLUR
20H7$'ILOPFKDQJHGIURPEURZQWROLJKW\HOORZLQGLFDWLQJLWXQGHUZHQWLUUHYHUVLEOHGHJUDGDWLRQ
$FFRUGLQJO\WKHGHFRPSRVLWLRQSURFHVVFDQEHWUDFHGWKURXJKWKHFRUUHVSRQGLQJ;UD\GLIIUDFWLRQ
;5'UHVXOWV VKRZQ LQ WKH)LJD$ZHDNGLIIUDFWLRQSHDNDVVRFLDWHGZLWK3E,UHVLGXHV LQ WKH
SHURYVNLWH LV SUHVHQW LQ WKH VSHFWUXP RI IUHVKO\ SUHSDUHG SHURYVNLWH ZKLFK KDV EHHQ FRPPRQO\
REVHUYHGLQWKHOLWHUDWXUHGXHWRLWVWZRVWHSSUHSDUDWLRQSURFHVV$IWHUDQDJLQJWLPHRIGD\VLQ
DPELHQW FRQGLWLRQV WKH GLIIUDFWLRQ SHDNV DW ș RI   FRUUHVSRQGLQJ WR FKDUDFWHULVWLF
SHURYVNLWHFU\VWDOVIRUWKHSHURYVNLWHZLWKRXWDFDSSLQJ+70OD\HUDQGWKDWFDSSHGZLWKWKHVSLUR
20H7$'+70DOPRVWGLVDSSHDUHGZKLOVW WKH LQWHQVLW\RI WKH3E,SHDNEHFDPHPXFKVWURQJHU
7KLV LPSOLHV WKH VHULRXV PRLVWXUHLQGXFHG GHFRPSRVLWLRQ RI SHURYVNLWH FU\VWDOV ,Q FRQWUDVW WKH
SHURYVNLWH GLIIUDFWLRQ SHDNV UHPDLQ DOPRVW XQFKDQJHG ZKHQ WKH SHURYVNLWH ZDV FRYHUHG E\
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3&'7%7 DQG 3&'7%7 DV D UHVXOW RI HIIHFWLYH VXSSUHVVLRQ RI WKH GHFRPSRVLWLRQ SURFHVV
+RZHYHU WKH LQWHQVLWLHV RI WKH SHURYVNLWH DQG 3E, GLIIUDFWLRQ SHDNV UHGXFHG DQG HQKDQFHG
UHVSHFWLYHO\ ZKHQ WKH SHURYVNLWH ZDV FDSSHG ZLWK 3&'7%7 ZKLFK PHDQV D IDVWHU GHJUDGDWLRQ
SURFHVV .HHSLQJ WKH VLPLODU VXUIDFH K\GURSKRELFLW\ RI WKUHH FRQMXJDWHG SRO\PHUV LQ PLQG ZH
DWWULEXWH WKLV WRWKHGLIIHUHQWDPRXQWRIGHIHFWVH[LVWLQJLQ WKHVHGHYLFHVZKLFKDUHVXVFHSWLEOH WR
ZDWHUDQGR[\JHQDWWDFNVGXH WR WKHLUKLJKGHJUHHRIDFWLYLW\>@7KHSDVVLYDWLRQHIIHFWVIURPWKH
WKLRSKHQHDQGPHWKR[\XQLWVLQ3&'7%7DQG3&'7%7FHUWDLQO\FRQWULEXWHWRUHGXFHWKHDPRXQW
RI GHIHFWV LQ WKH FRUUHVSRQGLQJ 36&V DQG KHOS WR DFKLHYH D KLJKHU HIILFLHQF\ DV ZHOO DV ORQJHU
VWRUDJHVWDELOLW\
)LQDOO\ ZH VWXGLHG WKH VWRUDJH OLIHWLPH RI 36&V HPSOR\LQJ GLIIHUHQW +70V 7KH HSR[\
HQFDSVXODWHGGHYLFHVZHUHVWRUHGLQWKHGDUNZKHQWKH\ZHUHQRWEHLQJWHVWHGGXULQJWKLVORQJWHUP
PHDVXUHPHQW F\FOH WR SUHFOXGH SKRWRWKHUPRLQGXFHG GHJUDGDWLRQ WKXV PDLQO\ IRFXVLQJ RQ WKH
HIIHFWV RI LQWHUQDO WUDS GHQVLW\ RQ WKH GHYLFH VWDELOLW\ 7KH UHODWLYH KXPLGLW\ LQ RXU ODE YDULHG
EHWZHHQDQGWKHDPELHQWWHPSHUDWXUHYDULHGEHWZHHQWRR&$VVKRZQLQ)LJEWKH
3&'7%7 DQG 3&'7%7 EDVHG GHYLFHV VKRZ UHPDUNDEOH VWDELOLW\ PDLQWDLQLQJ  RI WKHLU
RULJLQDO 3&(V DIWHU VWRUDJH RI PRUH WKDQ  GD\V 7KLV LV DWWULEXWHG WR WKHLU K\GURSKRELF QDWXUH
FRPSDUHGWRWKDWRIVSLUR20H7$'7KH3&'7%7EDVHGGHYLFHVKRZVWKHZRUVWVWDELOLW\HYHQ
WKRXJK 3&'7%7 LV K\GURSKRELF DQG WKLV VHULRXVO\ GHWHULRUDWHG GHYLFH HIILFLHQF\ FDQ EH
H[SODLQHGE\LWVGHFRPSRVLWLRQVKRZQLQ)LJDWKDWLVPHGLDWHGE\WKHWUDSV

)LJ  D ;5' SDWWHUQV RI SHURYVNLWH SHURYVNLWHVSLUR20H7$' SHURYVNLWH3&'7%7
SHURYVNLWH3&'7%7 DQG SHURYVNLWH3&'7%7 DIWHU H[SRVXUH WR DPELHQW FRQGLWLRQV IRU  GD\V
a5+ E7KHHYROXWLRQRI3&(V IRU HSR[\HQFDSVXODWHGGHYLFHV LQFRUSRUDWLQJGLIIHUHQW
+70VWKDWKDYHEHHQVWRUHGXQGHUDPELHQWIRUDGXUDWLRQRIGD\V

,QFRQFOXVLRQZHKDYHIDEULFDWHG36&GHYLFHVZLWKDQQLSVWUXFWXUHLQFRUSRUDWLQJGRSDQWIUHH
FRQMXJDWHG SRO\PHUV DV KROH WUDQVSRUW PDWHULDOV :H GHPRQVWUDWHG WKDW WKH RUGHUHG ʌʌ VWDFNLQJ
     








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
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3HURYVNLWH3&'7%7DJHG
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VWUXFWXUHFDQIDFLOLWDWHFKDUJHFDUULHUWUDQVSRUWDQGWKHIODQNHGPHWKR[\DQGRFW\OR[\JURXSVKDYH
VLJQLILFDQW EXW GLIIHUHQW LPSDFWV RQ UHGXFH WKH WUDSPHGLDWHG UHFRPELQDWLRQ LQ 36& GHYLFHV $
VXSHULRUSHUIRUPDQFHRIZDVDFKLHYHGXVLQJ3&'7%7DVWKH+70LWVVXFFHVVDWWULEXWHGWR
WKH PRUH HIIHFWLYH VXSSUHVVLRQ RI FKDUJH UHFRPELQDWLRQ DW WKH SHURYVNLWH3&'7%7 LQWHUIDFH E\
FRXSOLQJWKHSDVVLYDWLRQHIIHFWIURPWKHWKLRSKHQHDQGPHWKR[\XQLWV 7KHVWRUDJHOLIHWLPHRIWKLV
GHYLFHLVDOVRVXSHULRUGXHWRLWVK\GURSKRELFVXUIDFHWKDWSUHYHQWVZDWHUSHQHWUDWLRQDVZHOODVWKH
ORZHU GHQVLW\ RI WUDS VLWHV :H QRWH WKDW VXFK D KLJK 3&( ZDV DFKLHYHG E\ XVLQJ WKH VLPSOHVW
SHURYVNLWH FRPSRVLWLRQ RI 0$3E, DQG IXUWKHU FRPSRQHQW HQJLQHHULQJ RI WKH SHURYVNLWH FRXOG
UHVXOWLQSHURYVNLWHGHYLFHVZLWKKLJKHUSKRWRYROWDLFSHUIRUPDQFH
([SHULPHQWDO6HFWLRQ
3.1 Materials  
7KH V\QWKHWLF GHWDLOV RI PHWK\ODPPRQLXP LRGLGH &+1+, RU 0$, DQG WLWDQLXP GLR[LGH
7L2 VROXWLRQ FDQ EH IRXQG LQ D SUHYLRXV ZRUN>(UURU %RRNPDUN QRW GHILQHG@ /HDG ,, LRGLGH 3E,
ZDVSXUFKDVHG IURP<RX;XDQ/WG3KHQ\O&EXW\ULFDFLGPHWK\OHVWHU 3&%0DQG
ƍƍWHWUDNLVN,NGLpPHWKR[\SKHQ\ODPLQHƍVSLURELIOXRUHQH 6SLUR20H7$' ZHUH
SXUFKDVHGIURP/XPLQHVFHQFH7HFKQRORJ\%LVWULIOXRURPHWKDQHVXOIRQLPLGHOLWKLXPVDOW/L7)6,
DQG WHUWEXW\OS\ULGLQH 7%3 ZHUH SXUFKDVHG IURP 6LJPD$OGULFK 3&'7%7 3&'7%7 DQG
3&'7%7 ZHUH V\QWKHVL]HG DFFRUGLQJ WR RXU SUHYLRXV UHSRUWHG ZRUN 3&'7%7 3&'7%7 DQG
3&'7%7KDGPROHFXODUZHLJKWVMwDQGSRO\GLVSHUVLWLHV3',RIN'DDQGN'D
DQGN'DDQGUHVSHFWLYHO\
3.2 Device fabrication 
7KHSDWWHUQHG,72JODVVUHVLVWDQFHca.ȍVTZDVFOHDQHGE\XOWUDVRQLFDWLRQVHTXHQWLDOO\
LQZDWHUHWKDQRODQGLVRSURS\ODOFRKROIRUPLQHDFKWKHQIXUWKHUWUHDWHGZLWKXOWUDYLROHWR]RQH
IRUPLQWRUHPRYHRUJDQLFFRQWDPLQDQWV7KHGHWDLOVRIVSLUR20H7$'EDVHGGHYLFHLQFOXGLQJ
7L2ILOP3&%0ILOP0$3E,ILOPVSLUR20H7$'ILOPDQG$XFDWKRGHGHSRVLWLRQDUHGHWDLOHG
LQRXUSUHYLRXV UHSRUW>@)RU WKH3&'7%73&'7%7DQG3&'7%7EDVHGGHYLFHV WKH+70V
ZHUHIRUPHGE\VSLQFRDWLQJWKHLUVROXWLRQPJPOLQFKORUREHQ]HQHDWUSPIRUV)LQDOO\
QPWKLFNPRO\EGHQXPR[LGHDQGQPWKLFNJROGHOHFWURGHVZHUHGHSRVLWHGRQWKHWRSRIWKH
GHYLFHV IRU3&'7%73&'7%7DQG3&'7%7EDVHGGHYLFHV WKURXJKDPHWDOVKDGRZPDVNE\
WKHUPDOHYDSRUDWLRQDWWKHYDFXXPOHYHORI7RUU7KHDFWLYHDUHDIRUDOOVRODUFHOOVZDVFP
GHILQHGE\WKHVKDGRZPDVN
4.3 Characterization  
7KHGHQVLW\IXQFWLRQDOWKHRU\')7PHWKRGDQG*DXVVLDQSDFNDJHZHUHXVHGWRVLPXODWH
HOHFWURVWDWLF SRWHQWLDO (63 GLVWULEXWLRQ DQG GLKHGUDO DQJOHV LQ WKHVH FRQMXJDWHG SRO\PHUV 7R
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VLPSOLI\WKHFDOFXODWLRQWKHRFW\OJURXSVLQWKHFDUED]ROHPRLHW\ZHUHUHSODFHGZLWK&+JURXSV
;UD\ GLIIUDFWLRQ VSHFWUD ZHUH PHDVXUHG ZLWK DQ ;UD\ GLIIUDFWRPHWHU ' $GYDQFH %UXNHU
*HUPDQ\XVLQJ&X.DUDGLDWLRQDWN9DQGP$7KHVXUIDFHPRUSKRORJ\ZDVFKDUDFWHUL]HG
E\ 630 170'7 5XVVLDQ 7KH VWHDG\VWDWH SKRWROXPLQHVFHQFH 3/ VSHFWUD ZHUH REWDLQHG
XVLQJD3/PLFURVFRSLFVSHFWURPHWHU)OH[2QH=ROL[&KLQDWKHH[FLWDWLRQVRXUFHRI3/XWLOL]HVD
QP&:ODVHU7LPHUHVROYHG3/GHFD\ZDVPHDVXUHGXVLQJD'HOWD)OH[)OXRUHVFHQFH/LIHWLPH
6\VWHP PRQLWRUHG DW QP ,PSHGDQFHPHDVXUHPHQWVZHUHPHDVXUHGXVLQJ WKH0RGX/DE;0
HOHFWURFKHPLFDOZRUNVWDWLRQ$0(7(.8.XQGHUDVHULHVRIYROWDJHVZLWK WKHDPSOLWXGHRI
P9 IURP  0+] WR  +] XQGHU RQH $0 * LOOXPLQDWLRQ FRQGLWLRQV (TXLYDOHQW FLUFXLW
VLPXODWLRQV ZHUH FRQGXFWHG XVLQJ WKH VRIWZDUH SDFNDJH =9LHZ 6FULEQHU $VVRFLDWH ,QF
&DSDFLWDQFHYROWDJHDQGRSHQFLUFXLWSKRWRYROWDJHGHFD\PHDVXUHPHQWVZHUHDOVRREWDLQHGE\WKH
0RGX/DE;0HOHFWURFKHPLFDOZRUNVWDWLRQ $0(7(.8.([WHUQDOTXDQWXPHIILFLHQF\ (4(
ZDV PHDVXUHG ZLWK DQ (4( V\VWHP =ROL[ &KLQD HTXLSSHG ZLWK D VWDQGDUG 6L GLRGH 7KH
PRQRFKURPDWLFEHDPZDVJHQHUDWHGIURPD:[HQRQODPS7KHFXUUHQWGHQVLW\YROWDJHJ-V
FXUYHVRIWKHGHYLFHVZHUHPHDVXUHGLQDPELHQWDLUXQGHUVLPXODWHGVXQOLJKWP:FPXVLQJD
1HZSRUW$VRODUVLPXODWRUZLWKOLJKW LQWHQVLW\ZDVFDOLEUDWHGZLWKVLOLFRQVRODUFHOOFHUWLILHGE\
WKH1DWLRQDO5HQHZDEOH(QHUJ\/DERUDWRU\ 15(/J-V FKDUDFWHULVWLFVZHUH UHFRUGHGXVLQJJ-V
VZHHSVRIWZDUHGHYHORSHGE\2VVLOD/WG6KHIILHOG8.DQGD.HLWKOH\%VRXUFHPHWHUXQLW
7KHGHYLFHVZHUHPDVNHGZLWKDPHWDODSHUWXUHPDVNWRDFFXUDWHO\GHILQHDWHVWDUHDRIPP
RQHDFKSL[HODQGWRHOLPLQDWHWKHLQIOXHQFHRIDQ\HGJHHIIHFWV7KHVWDELOL]HGSRZHURXWSXWYHUVXV
WLPHRIGHYLFHVZDVPHDVXUHGE\KROGLQJDELDVQHDUWKHPD[LPXPSRZHURXWSXWSRLQWDWWKHVDPH
FRQGLWLRQV
$FNQRZOHGJHPHQWV
:HWKDQN3URI'DYLG/LG]H\8QLYHUVLW\RI6KHIILHOGIRUKHOSIXOGLVFXVVLRQ7:DFNQRZOHGJHV
IXQGLQJ VXSSRUWV IURP WKH1DWLRQDO1DWXUDO6FLHQFH)RXQGDWLRQRI&KLQD 
WKH)XQGDPHQWDO5HVHDUFK)XQGVIRU WKH&HQWUDO8QLYHUVLWLHV:87,,,DQG,,,
RI&KLQDDQGWKH5HFUXLWPHQW3URJUDPRI*OREDO([SHUWV7DOHQWV3ODQRI&KLQD+<DQG
$,WKDQNILQDQFLDOVXSSRUWIURP(365&YLDJUDQW(3,
5HIHUHQFHV
                                           
>@:6<DQJ-+1RK1--HRQ<&.LP65\X-6HR6,6HRN6FLHQFH.  
>@*;LQJ10DWKHZV66XQ66/LP<0/DP0*UlW]HO60KDLVDONDU7&6XP6FLHQFH

>@/<DQJ$7%DUURZV'*/LG]H\7:DQJ5HS3URJ3K\V
>@$.RMLPD.7HVKLPD<6KLUDL70L\DVDND-$P&KHP6RF
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>@:6<DQJ%:3DUN(+-XQJ1--HRQ<&.LP 6FLHQFH
>@06DOLED70DWVXL-<6HR.'RPDQVNL-3&RUUHD%DHQD0.1D]HHUXGGLQ60=DNHHUXGGLQ:7UHVV
$$EDWH$+DJIHOGW0*UlW]HO(QHUJ\(QYLURQ6FL
>@06DOLED70DWVXL.'RPDQVNL -<6HR$8PPDGLVLQJX60=DNHHUXGGLQ -3&RUUHD%DHQD:5
7UHVV$$EDWH$+DJIHOGW0*UlW]HO6FLHQFH
>@06DOLED62UODQGL70DWVXL6$JKD]DGD0&DYD]]LQL-&RUUHD%DHQD3*DR56FRSHOOLWL(0RVFRQL.
'DKPHQ)'H$QJHOLV$$EDWH$+DJIHOGW*3R]]L0*UlW]HO0.1D]HHUXGGLQ1DW(QHUJ\
>@-<RX/0HQJ76RQJ7*XR<0<DQJ:&KDQJ=+RQJ+&KHQ+=KRX4&KHQ</LX1'H
0DUFR<<DQJ1DW1DQRWHFKQRO
>@+=KRX4&KHQ*/L6/XR7%6RQJ+6'XDQ =+RQJ-<RX</LX<<DQJ6FLHQFH 

>@;=KHQJ%&KHQ-'DL<)DQJ<%DL</LQ+:HL;&=HQJ-+XDQJ1DW(QHUJ\
>@/&DOLy6.D]LP0*UlW]HO6$KPDG$QJHZ&KHP
>@'%L:7UHVV0,'DU3*DR-/XR&5HQHYLHU.6FKHQN$$EDWH)*LRUGDQR-3&RUUHD%DHQD-'
'HFRSSHW60=DNHHUXGGLQ0.1D]HHUXGGLQ0*UlW]HO$+DJIHOGW6FLHQFH$GYDQFHVH
>@'6RQ-/HH<-&KRL,-DQJ6/HH3-<RR+6KLQ1$KQ0&KRL'.LP13DUN1DW(QHUJ\

>@;/L'%L&<L-''HFRSSHW-/XR60=DNHHUXGGLQ$+DJIHOGW0*UlW]HO6FLHQFH
>@$$EDWH7/HLMWHQV63DWKDN-7HXVFKHU5$YROLR0((UULFR-.LUNSDWULN-0%DOO3'RFDPSR,
0F3KHUVRQ+-6QDLWK3K\V&KHP&KHP3K\V
>@8%&DSSHO7'DHQHNH8%DFK1DQR/HWW
>@<<XH16DOLP<:X;<DQJ$,VODP:&KHQ-/LX(%L);LH0&DL/+DQ$GY0DWHU

>@$'6KHLNK$%HUD0$+DTXH5%5DNKL6'*REER+1$OVKDUHHI7:X6RO(QHUJ0DW6RO&

>@4&KHQ+=KRX76RQJ6/XR=+RQJ+'XDQ/'RX</LX<<DQJ1DQR/HWW
>@+<X+/X);LH6=KRX1=KDR$GY)XQFW0DWHU
>@0/$JLRUJRXVLV<6XQ+=HQJ6=KDQJ-$P&KHP6RF
>@1.1RHO$$EDWH6'6WUDQNV(63DUURWW90%XUODNRY$*RULHO\+-6QDLWK$FV1DQR

>@60-DLQ=4LX/+lJJPDQ00LUPRKDGHV0%-RKDQVVRQ7(GYLQVVRQ*%RVFKORR(QHUJ\(QYLURQ
6FL
>@):DQJ:*HQJ<=KRX+)DQJ&7RQJ0$/RL//LX1=KDR$GY0DWHU
>@</LQ/6KHQ-'DL<'HQJ<:X<%DL;=KHQJ-:DQJ<)DQJ+:HL:0D;&=HQJ;
=KDQ-+XDQJ$GY0DWHU
>@34LQ67DQDND6,WR17HWUHDXOW.0DQDEH+1LVKLQR0.1D]HHUXGGLQ0*UlW]HO1DW&RPPXQ

>@-$&KULVWLDQV5&)XQJ39.DPDW-$P&KHP6RF
>@)=KDQJ;<DQJ0&KHQJ::DQJ/6XQ1DQR(QHUJ\
>@/<DQJ)&DL<<DQ-/L'/LX$-3HDUVRQ7:DQJ$GY)XQFW0DWHU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
)HLORQJ&DLZDVERUQLQ+HUHFHLYHGD%6GHJUHHLQ3RO\PHU0DWHULDOVDQG(QJLQHHULQJ
IURP:XKDQ8QLYHUVLW\RI7HFKQRORJ\LQ+HLVFXUUHQWO\DQ06VWXGHQWZRUNLQJRQ
SKRWRYROWDLFVZLWKDVSHFLILFIRFXVRQYDULRXVHOHFWURQKROHWUDQVSRUWPDWHULDOV


-LQORQJ&DLZDVERUQLQLQ1DQWRQJ&KLQD+HUHFHLYHGD%6GHJUHHLQ3RO\PHU0DWHULDOV
DQG(QJLQHHULQJIURP+XEHL8QLYHUVLW\RI7HFKQRORJ\LQ+HLVFXUUHQWO\DQ06VWXGHQW
ZRUNLQJRQRUJDQLFSKRWRYROWDLFV






 20
                                                                                                                                              

/L\DQ<DQJFRPHVIURP=KHMLDQJSURYLQFH6KHUHFHLYHGD%DFKHORUGHJUHHLQ0DQDJHPHQWIURP
:XKDQ&ROOHJHRI,QWHUQDWLRQDO%XVLQHVVDQG(FRQRPLFVLQDQGD0DVWHUGHJUHHLQ7H[WLOH
0DWHULDOVIURP'RQJKXD8QLYHUVLW\LQ6KHLVFXUUHQWO\D3K'VWXGHQWDQGKHUUHVHDUFK
FRQFHUQVLPSURYLQJWKHSRZHUFRQYHUVLRQHIILFLHQF\RISHURYVNLWHVRODUFHOOVYLDPRUSKRORJ\
PRGLILFDWLRQDQGLQWHUIDFHHQJLQHHULQJ

:HL/LZDVERUQLQ+HUHFHLYHGD%6GHJUHHLQ0DWHULDOVVFLHQFHDQG(QJLQHHULQJIURP
-LQDQ8QLYHUVLW\LQDQGDQ06GHJUHHLQ0DWHULDOV6FLHQFHDQG(QJLQHHULQJIURP:XKDQ
8QLYHUVLW\RI7HFKQRORJ\LQ+HLVFXUUHQWO\D3K'FDQGLGDWHZLWKDVSHFLILFIRFXVRQ
SRO\PHUVRODUFHOOV





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
'U5REHUW*XUQH\UHFHLYHGKLV3K'LQ3K\VLFVIURPWKH8QLYHUVLW\RI6XUUH\LQXQGHUWKH
VXSHUYLVLRQRI3URIHVVRU-RH.HGGLH+HVSHQWDIXUWKHUPRQWKVLQWKHVDPHJURXSDVDSRVWGRF
ZRUNLQJZLWK LQGXVWULDOSDUWQHUVRQPRLVWXUHDQDO\VLVDQGVFDQQLQJSUREHPLFURVFRS\RISRO\PHU
ILOPVEHIRUHPRYLQJWR(63&,LQ3DULV7KHUHKHZRUNHGRQWKHDGKHVLRQDQGUKHRORJ\RI6%5DW
VKRUWWLPHVFDOHVZLWK3URIV&RVWDQWLQR&UHWRQDQG$QNH/LQGQHUFROODERUDWLQJZLWK0LFKHOLQ+H
MRLQHG WKH JURXS DW :XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\ LQ 0D\  DV D SRVWGRF WR VWXG\
RSWRHOHFWURQLFGHYLFHV


'U+XQDQ<LUHFHLYHGKLV06FIURP6KDQJKDL&KLQDDQGKLV3K'IURP8QLYHUVLW\RI6W$QGUHZV
RQ'\H6HQVLWLVHG6RODU&HOOVZKHUHKHUHPDLQHGDVDUHVHDUFKIHOORZDIWHU3K'XQWLO+H
WKHQ EHFDPH D SRVWGRFWRUDO UHVHDUFK DVVRFLDWH DW WKH 8QLYHUVLW\ RI 6KHIILHOG GHYHORSLQJ YDULRXV
FRQMXJDWHGSRO\PHUV IRU RUJDQLF VRODU FHOO DSSOLFDWLRQV6LQFH KH LV D.QRZOHGJH7UDQVIHU
$FFRXQW.7$DVVRFLDWHZLWKERWKWKH8QLYHUVLW\RI6KHIILHOGDQG2VVLOD/WG8.


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
'U$KPHG,UDTLREWDLQHGKLV%6FIURPWKH8QLYHUVLW\RI)HV0RURFFRLQ7KLVZDV
IROORZHGE\DQ06FLQ&KHPLVWU\IURP8QLYHUVLW\3DXO6DEDWLHULQ7RXORXVHLQDQGD3K'
IURPWKHVDPHLQVWLWXWLRQLQ8QWLOKHZDVD3RVWGRFWRUDO5HVHDUFK$VVRFLDWHDWWKH
8QLYHUVLW\RI6W$QGUHZVZKHQKHEHFDPHD/HFWXUHUDW/DQFDVWHU8QLYHUVLW\,QKHZDV
DSSRLQWHG/HFWXUHUDWWKH8QLYHUVLW\RI6KHIILHOGZKHUHKHZDVSURPRWHGWR6HQLRU/HFWXUHULQ
DQG5HDGHULQ


'U'DQ/LXVWXGLHGVRIWFRQGHQVHGPDWWHUSK\VLFVLQWKH8QLYHUVLW\RI6XUUH\VLQFH2FWDQG
ZDVDZDUGHGD3K'LQ-XQ)URP1RYWR$XJVKHZDVDSRVWGRFUHVHDUFK
DVVRFLDWHLQWKHVFKRRORISK\VLFVDQGDVWURQRP\8QLYHUVLW\RI/HHGVZRUNLQJRQOLSLGPHPEUDQH
,Q'DQZDVDZDUGHGWKH&KX7LDQ6FKRODURI+XEHLSURYLQFH&KLQDDQGZDVDSSRLQWHG
DVVRFLDWHSURIHVVRULQWKHVFKRRORIPDWHULDOVVFLHQFH	HQJLQHHULQJDW:XKDQ8QLYHUVLW\RI
7HFKQRORJ\&KLQD+HUUHVHDUFKLQWHUHVWVLQFOXGHVRIWPDWWHUSK\VLFVDQGSRO\PHUPDWHULDOV

 23
                                                                                                                                              

3URI7DR:DQJUHFHLYHGD%6LQ3RO\PHU0DWHULDOVDQGDQ06LQ0DWHULDOV6FLHQFH
+HREWDLQHGKLV3K'LQ3K\VLFVIURPWKH8QLYHUVLW\RI6XUUH\8.LQ)HE+HWKHQ
WRRNDSRVWGRFSRVLWLRQLQWKHVDPHJURXSXQWLO2FWZKHQKHPRYHGWRWKH8QLYHUVLW\RI
6KHIILHOG8.ZKHUHKHZRUNHGZLWK3URI5LFKDUG-RQHV)56DQG3URI'DYLG/LG]H\RQRUJDQLF
VRODUFHOOV+HZDVDZDUGHGIXQGLQJIURP³5HFUXLWPHQW3URJUDPRI*OREDO([SHUWV´RI&KLQDLQ
DQGZDVDSSRLQWHGSURIHVVRULQ:XKDQ8QLYHUVLW\RI7HFKQRORJ\&KLQD+LVUHVHDUFK
LQWHUHVWVDUHRSWRHOHFWURQLFGHYLFHVSRO\PHUSK\VLFVDQGSRO\PHUPDWHULDOV

